A homology-based cloning strategy yielded a cDNA clone presumably encoding -guaiene synthase, a sesquiterpene cyclase, from tissue cultures of Aquilaria microcarpa, which were treated with methyl jasmonate. Incubation of cell cultures of the plant with yeast extract also induced transcriptional activation of the sesquiterpene synthase gene. The translated protein of the gene obtained by heterologous expression in Escherichia coli catalyzed the cyclization of farnesyl diphosphate to liberate -guaiene with -guaiene and germacrene A as the minor products. The results obtained in the present study, together with the previously reported results, suggest that two classes of -guaiene synthase occur in Aquilaria; the enzyme proteins from A. microcarpa and A. sinensis liberate germacrene A as a minor product, while the protein from A. crassna generates -humulene instead of germacrene A.
Agarwood is formed in woody tissues of Aquilaria, Gonystulus, and Gyrinops species in response to mechanical wounding or microbial infection, but is not formed in these trees under healthy conditions [1] . Although agarwood produces a variety of sesquiterpene compounds used as scent, artificial transformation of these trees to agarwood has been very difficult. Okudera and Ito, however, reported [2] that biosynthetic activities of several sesquiterpenoids such as -guaiene,-guaiene and -humulene are induced in suspension cultured cells of Aquilaria plants by treatment with methyl jasmonate. Guaiane-type sesquiterpenes are thought to be synthesized via two cyclization reactions [3] ; i) C1-to-C10 cyclization forming a macrocyclic germacrene-like intermediate, and ii) C2-to-C6 cyclization generating a guaiane-skeleton ( Figure  1 ). It has also been proposed that a part of the macrocyclic intermediate leads to either -humulene or germacrene A without the second cyclization reactions. Kumeta and Itoh [3] have recently isolated cDNA clones encoding -guaiene synthase from Aquilaria crassna and shown that the translated proteins of the synthase genes are capable of liberating -guaiene, -guaiene and -humulene from farnesyl diphosphate. However, only little is known about the molecular basis of the enzymatic reaction of -guaiene synthase which liberates multiple products. We have shown [4] that treatment of cell cultures of A. microcarpa with either methyl jasmonate or yeast extract induced the marked enhancement of the transcription of a farnesyl diphosphate synthase gene which catalyzes the formation of the sesquiterpene precursor. The preliminary aim of the present study was testing the possibility that the treatment of cultured cells of A. microcarpa with yeast extract would result in the transcriptional activation of the -guaiene synthase gene; otherwise the effect of yeast extract on the enhancement of isoprene metabolism in the plant cells would be limited solely to biosynthesis of the terpenoid precursors. We have induced the expression of the -guaiene synthase gene in cell cultures of A. microcarpa, isolated a cDNA clone encoding the enzyme, and compared the specificities of the catalytic activity with those of the synthases from other Aquilaria plants.
Based on the reported amino acid sequences of -guaiene synthases, we isolated a cDNA fragment corresponding to the translatable region of the synthase gene from cultured cells of A. microcarpa. The nucleotide sequences of 3'-and 5'-untranslatable regions of the gene were determined by rapid amplification of cDNA ends using the (RACE) method. The putative amino acid sequence of the translated product of the cDNA clone (GenBank accession No. KF800046, 1834 bases, 547 amino acid residues) showed high homology with -guaiene synthases from other Aquilaria species ( Figure 2 ), and contained two specific motifs [3] ; the double Changes in the transcription level of the -guaiene synthase gene in response to the treatment of A. microcarpa cell cultures with methyl jasmonate and yeast extract were examined semi-quantitatively by reverse-transcription (RT)-PCR analysis. Expression of the synthase gene was almost negligible without the addition of the stimuli.
However, a marked increase in the transcriptional activity of the enzyme gene was observed without a notable lag when the cell cultures were treated with methyl jasmonate (Figure 3 ). The transcription of the gene was maintained at high levels for at least 6 h. A similar enhancement of the gene expression was observed when the cultures were incubated with yeast extract, which has been shown to induce biosynthesis of various secondary metabolites in many plant species [5, 6] . As is the case of methyl jasmonate, an appreciable expression of -guaiene synthase gene was observed in A. microcarpa cell cultures by the addition of yeast extract, and high levels of the transcriptional activity continued until 6 h after 
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Natural Product Communications Vol. 9 (9) 2014 1233 the treatment (Figure 3 ). The results obtained in the present study clearly showed that, as well as methyl jasmonate, expression of the -guaiene synthase gene of A. microcarpa is appreciably induced by treatment with yeast extract.
The catalytic properties of -guaiene synthase of A. microcarpa were characterized using recombinant protein of the enzyme. The translatable region of the synthase gene was amplified by PCR, and was subcloned into a glutathione-S-transferase (GST) gene fusion vector, pDEST15. Then, Escherichia coli BL21 cells were transformed with this expression vector, and overexpression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG). The recombinant enzyme was obtained as GST-tagged protein, and was purified by affinity chromatography on a glutathione-Sepharose 4B column. Total cell extracts and the purified recombinant protein were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [7] , and, it was shown that a protein band corresponding to the position of GST-fused -guaiene synthase (approximately 91.6 kDa) in IPTGtreated cell extracts was sufficiently purified by affinity column chromatography ( Figure 4 ).
The catalytic activity of the recombinant -guaiene synthase of A. microcarpa was examined with farnesyl diphosphate as the substrate, and the reaction products were analyzed by GC-MS. As shown in Figures 5a and 6, 3 products were liberated by the enzyme reaction, and peak numbers 1, 2 and 3 were assigned to germacrene A, -guaiene and -guaiene, respectively, by the retention indices and mass spectra in the data base [8, 9] . In contrast, no products were observed when the assay was carried out with heat denatured enzyme protein (Figure 5c ). Kumeta and Itoh reported that three guaiene synthase genes were isolated from A. crassna, and the translated proteins of all of these genes generate -guaiene as the major product plus -guaiene and -humulene as the minor products [3] . In contrast, Xu et al. have recently shown [10] that three homologous genes of -guaiene synthase were isolated from A. sinensis, and the translated proteins liberate -guaiene, -guaiene and -elemene, but not -humulene. Karaker et al. proposed [11] that the apparent formation of -elemene would be due to the Cope rearrangement reaction induced by heating. In order to confirm this possibility, we elevated the temperature of the injection port of the GC-MS apparatus from 150 o C to 250 o C, and analyzed the enzymatic reaction products (Figures 5b and 6 ). Under the high temperature condition, peak 1 (germacrene A) was not observed, but a new peak, number 4, appeared as a shoulder of peak 3. This peak number 4 was assigned to -elemene, and, therefore, our result supports the idea that -elemene is a heat-induced artifact generated from germacrene A [11] .
The results obtained in the present experiments, together with the reports for A. crassuna [3] and A. sinensis [10] , suggest that two classes of -guaiene synthase would occur in Aquilaria plants; -guaiene, -guaiene and germacrene A producing group (A. microcarpa and A. sinensis), and -guaiene, -guaiene and Figure 1 , and -guaiene are thought to be synthesized from germacrene A. In contrast, -humulene biosynthesis shares the common pathway with guaiene-forming processes only in the early stage. This fact implies that -guaiene synthases of A. microcarpa and A. sinensis are able to produce solely germacrene A, which leads to the formation of guaiene derivatives. On the other hand, the synthase proteins of A. crassna are capable of catalyzing the formation of both -humulene and germacrene A. In order to clarify the molecular bases of these unique specificities of -guaiene synthases in Aquilaria plants, preparation and characterization of several mutant proteins of the synthase are in progress in our laboratory in which the non-conserved amino acids indicated by asterisks in Figure 2 are appropriately replaced. We are also attempting to identify the metabolites produced by A. microcarpa cell cultures, and to elucidate the relationship between the transcriptional levels of -guaiene synthase gene and the accumulation of the compounds.
-humulene producing group (A. crassna). As shown in

Experimental
Cloning of -guaiene synthase gene from A. microcarpa cell
culture: Cell cultures of A. microcarpa were grown and maintained on Murashige-Skoog's medium [12] in the presence of 3 μM of 2,4dichlorophenoxyacetic acid and 3 μM of N 6 -benzyladenine at 26°C under darkness, as described previously in detail [4] . Total RNA was isolated from tissue cultured cells (approximately 100 mg) with RNeasy Plant Mini Kit (Qiagen), and cDNA templates were generated by RT reaction using Transcriptor First Strand cDNA Synthesis Kit (Roche). The cDNA fragment, presumably encoding the translatable region of -guaiene synthase, was isolated by PCR amplification employing the primer pair designated from the reported sequences of the gene in the data base, 5'-ATG TCT TCG GCA AAA CTA GGT TCT ACC TCC-3' as the forward and 5'-TCA GAT TTC AAT AGC ATG ACG CAA CAA GGC-3' as the reverse primer. Then, RACE was carried out using 5'/3' RACE Kit 2nd Generation (Roche). The 3'-RACE was performed with 5'-CGT TAT ATT GAT GAC CTT CAG ACC TAC AAG-3' as the forward and PCR Anchor Primer as the reverse primer, while 5'-RACE was with Oligo-dT Anchor Primer as the forward, and 5'-AAT GAT ATC CCA CGC CTA GAC GA-3' as the reverse primer, respectively. The DNA fragments thus obtained were subcloned into the pGEM-T Easy vector (Promega), and the nucleotide sequences were determined on both strands using the dye-terminator method on a PRISM 3130 Genetic Analyzer (Applied Biosystems).
Expression of -guaiene synthase gene in A. microcarpa cell culture:
The expression levels of -guaiene synthase gene were analyzed by RT-PCR. To cultured cells of A. microcarpa (approximately 100 mg) was added an aqueous solution (500 L) of either methyl jasmonate (100 M, Wako) or yeast extract (10 mg/ml, Difco), and control treatment received only water instead of these chemicals [13] . They were incubated at 26 o C, and, at regular intervals, the treated cells were harvested, and total RNA was isolated as described above. Aliquots of RNA solutions (approximately 0.5 g RNA equivalent) were subjected to RT reaction, and, then, PCR was carried out employing a primer pair for amplification of -guaiene synthase gene; 5'-ATG TCT TCG GCA AAA CTA GGT TCT GCC TCC-3' as the forward and 5'-TCA GAT TTC AAT AGC ATG ACG CAA CAA GGC-3' as the reverse primer (1644 mer as the product). In the parallel experiments, DNA fragments of Am-cam2 (GenBank accession no. HM237344), a constitutively expressed calmodulin gene homologue [13] , was amplified using the following primers: forward 5′-GAT GTG GAT GGT GAT GGG CAG ATC AAC T-3′ and reverse 5′-GAT CAG AAG CAA ATG AAA TCG C-3′ (298 mer as the product).
Preparation and purification of recombinant -guaiene synthase
protein: Overexpression of -guaiene synthase gene in E. coli was performed using the E. coli Expression System with Gateway Technology (Invitrogen). The translatable region of the -guaiene synthase gene was amplified by PCR, and successively subcloned into pENTR and pDEST15 (Invitrogen). Then, E. coli BL21 cells were transformed with the constructed expression vector, and the cell cultures were grown in LB medium overnight at 25°C. After transfer into the fresh medium, IPTG (final concentration 0.1 mM) was added to the cultures at an optical density of 0.4 -0.5 at 600 nm. The cultures were further incubated at 25°C for 5 h, and the GST-tagged -guaiene synthase protein was recovered and purified on a glutathione beaded agarose affinity purification resin using the GST Bulk Kit (GE Healthcare Life Sciences), according to the instruction manual. The samples were then subjected to SDS-PAGE (12% gel) by the method of Laemmli [7] , and the separated proteins were stained with Coomassie brilliant blue. -Guaiene synthase of Aquilaria microcarpa cell cultures Natural Product Communications Vol. 9 (9) 2014 1235 (Sigma-Aldrich), 10% glycerol and purified -guaiene synthase protein (20 g as determined by the method of Bradford [14] ). In a control experiment, the enzyme protein was heat denatured (95 o C, 10 min) prior to the assay. The mixtures were overlaid with 200 µL of n-hexane containing pentadecane (15.4 ng) as an internal standard and incubated at 25°C for 4 h. The n-hexane layer and an additional n-hexane extract (500 µL  2) were passed over a short column of anhydrous Na 2 SO 4. The n-hexane solutions were concentrated to approximately 10 L under nitrogen flow, and the samples were analyzed by GC-MS (Shimadzu, GCMS-QP5000; Agilent, J&W DB-1ms 0.32 mm  30 m column). Each sample was injected at 50˚C in the splitless mode. After a 2 min hold, the oven temperature was increased at 4˚C/min to 170˚C, then raised at 30˚C/min to 300˚C. The carrier flow (He) was set at 1.4 mL/min. The injection port was adjusted to either 150 o C or 250 o C, and the interface temperature was 250˚C. The mass range was set from m/z 40 to 400. The n-hexane solution containing n-alkanes was separated under the above conditions to calculate retention indices. The identification of sesquiterpene compounds was based on the comparison of reported retention indices [8, 9] and mass spectra with those in the NIST02 and Wiley7 MS databases.
Catalytic activity of recombinant
